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' A survey has been made or' the  aa ta  currently available on the 
so l a r  constant and the spectral  d i s t r lbu t ion  of the  so la r  radiant 
flux. The relevant theoretical  considerations cia zadiation, solar  
physics, scales  of raaiomexy and thermLl balance of .,,=lRcecrL-Zt J have 
been b r i e f l y  disL.ussed. 
da ta  taken by the  Smithsonian Ins t i tu t ion ,  the National Bureau of 
Standards and the  Naval Research Laboratory, of the  methods of data 
A actai led review has been attempted )f the  
analysis  and the many revisions of the  results. 
the  r e s u l t s  
_. . 
from di f fe ren t  sources 
- -  
have wide 
The survey shows that 
discrepancies, that no new 
experimental data  have been taken i n  recent years, and that the conven- 
t i o n a l  technique of extrapolation t o  zero air  mass leaves large un- 
cer ta in t ies .  
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The f e a s i b i l i t y  of fur ther  measurements ami of a new method 
of approach has been discussed i n  the l i g h t  of the  r e su l t s  of t h i s  survey. ' 
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I. 13lBODUCi ' ION 
The so lar  constant and the  spectral  dis t r ibut ion of t he  so l a r  radiant flux 
are of considerable importance i n  many areas of physics and engineering. 
geophysics and meteorology, i n  studies of the  upper atmosphere and of the  thermal 
Sn 
balance of the  earth, i n  the investigation of so la r  phenomena and i n  many areas 
of illuminating engineering, the radiant e n e r a  received from the sun is a sig- 
n i f i can t  parameter. I n  recent years the  ; q l c  has received a great  dea l  of 
a t t en t ion  because of i t s  bearing on the tnermal balance of spacecraft. 
I n  s p i t e  of tne widespread in t e re s t  i n  the subject and its importance i n  many 
areas of s c i e n t i f i c  research, no new experimental data have been collected i n  re- 
cent years. It i s  Generally assuxtied that the best value of the so la r  constant 
avai lable  at present is 2.00 cal. 
S. Johnson a t  the  Naval Research Ldooratory, Washington D.  C .  i n  1954 . 
min''. T h i s  value w 8 s  deduced by F r G i s  
1 
It is 
based on revisions of data  which had been collected f o r  over 30 years by the 
Smithsonian Ins t i tu t ion ,  later data collected by Dunkelman and Scclnik 
2 
i n  1951, 
and a reevaluation of t h e  correction fac tors  f o r  the  infrared and u l t r av io l e t  
regions of t he  spectrum. 
It i s  in te res t ing  t o  observe tha t  t he  so la r  constant has frequently been 
revised, and each new revision has increaseu i t s  value. 
published a detai led analysis of the data of the Smithsonian l c s t i cu t ion  and ar- 
rived a t  the value 1.896 cal.  m'* zin-'. 
Boover 
a value, l., ,t .bL cal. 
Parry Moon i n  1940 
A revisior? i n  1952 L; ri1Gziih and 
1 4 
raised the value t o  1.934 cal. cm'2 min'l. C .  W. Allen , i n  1955 gave 
min'l ana Francis S. Johnson's value, as s ta ted  
e a r l i e r ,  w < - ~  2.Jl,f .U04 cal .  cmc2 min' 1 . An independent s e t  of rr.ei~s.~ 'mats w a s  
6 
made by Halph Sta -. and Hussell G. Johnston a t  an a l t i t u d e  of ;2Ld feet ;  they pub- 
l ished i n  19)( & still hi&er value, 2.05 cal. cm'2 min'l. 
a -  . 41 .... 
\ 
' .  . -3- 
The discrepancies between different investigators are even greater for 
tne published data on the spectral distribution of the radiant flux. 
the more reliable data have been collated and published by P. R .  Gast 
Some of 
inkhe 
7 
"Handbook of Geophysics", where he makes the following observation: "As an 
example of a more important uncertainty, in the ultraviolet region (300 $0 
359 mp), the discrepancy between various observations is about 10 per cent, 
and there have been reported 
8 
variant observations as large as 40 per cent which 
can be neither ignored nor ex2lainecl." 
In this paper an attempt will be made to present the relevant theoretical 
considerations and to collect together and evaluate the available information on the 
solar constant and the solar spectral radiant flu. Toe feasibility of further 
measurements will be studied in the light of existing data. 
11. THEIRXTICAL CONSIDERATIONS 
1. Termino1or;y and Laws of Radiation 
There is no uniforniity in the literature concerning the terms and spbols 
used for the physical quantities involved in the statement of radiation laws. 
In recent years Gany authors have shown a preference for "The American Standards 
Nomenclature for Radiometry", ASA Z 58.1.1 - 1953 , which was proposed by the 
American Standards Association Sectional Comnittee, Z - 58. 
9 
This Comaittee had 
been sponsoreci by the Optical Society 02 America and the propsea nomenclature 
was approveci on February 27, 1953. 
4 
This nomenclature will be followed here. 
Radiznt energy density or radiant density, u, at a given point in space is 
the energy per unit volume in the vicinity of that point. 
The radiant flu, P, throud a given surface is the radiant energy which 
crosses unit area in unit time. 
The radiant emittance (or flux density), W, of a radiating surface at a 
given point is the radiant energy emitted per unit area in the vicinity of that 
point per unit time. 
The radiance, N, of a radiating surface a t  a given point i n  a given direct ion 
i s  the radiant energy emitted per unit  area, per un i t  so l id  angle i n  that point, 
per un i t  time. 
Related quantit ies a r e  radiant ref lectance,p,  t ransmit tance,r ,  and ab- 
sorptance, U, which a re  the  r a t io s  o f  energy reflected,  transmitted and absorbed, 
respectively, t o  the energy incident. 
M s s i v i t y ,  of a given surface 6 , is  the r a t i o  of the radiant emittance of 
the surface t o  that of a blackbody surface at  the same temperature. 
The solar  constant is  the radiant f lux  due t o  the sun which crosses un i t  area 
exposed normally t o  the sun's rays a t  the  average distance of the ear th  from the 
SUn. 
The above quantit ies re fer  t o  the energy radiated a t  a l l  frequencies or  i n  
the  en t i re  wavelength range. 
adding the subscr ip tA , f o r  wavelength, o r  v , f o r  frequency, t o  the  respective 
symbol. 
The correspnding spectral  quantities a re  denoted by 
The spectral  radiant f lux  PA, f o r  example, i s  related t o  the radiant f lux 
P by the equation P = I P A  dh . 
0 
Certain simple relat ions hold between the q w t i t i e s  P, W, u, and N, i f  the 
radiat ing surface is  perfect ly  diffuse, that is, i f  it has a constant radiance i n  
a l l  directions.  These relat ions are:  
W = T fie N, where n e i s  one steradian; 
u =  h V n O N  , where c 
c 
w P cu. 
i s  the velocity of light; and 
4. 
For collimated radiation, P = cu. The Planck's l a w  gives the spec t ra l  radiant density 
i n  terms of the temperature, as 
BnRc 
' t + ,  . J .  -5- 
The Stefan - Boltzman law gives the radiant emittance of a blackbody surface 
This may be derived from Planck's law by integrating the right hand side of 
equation (1). 
From Planck's law may also be derived, by differentiating the right hand 
side and equating it to zero, the Wien displacement law which states that the 
wavelength at which the spectral distribution of the radiant emittance of a 
blackbody is maximum varies 
stant, equal to 0.289776 cm 
The above equations of 
radiant flux though only to 
inversely as the temperature. > T is a con- 
degree K. 
max. 
a blackbody radiation are applicable to the solar 
a first order of approximation. If the effective 
temperature of the sun's radiating surface and the area of the radiating surface 
are accurately known, both the sdar  constant and the spectral solar  radiant 
flux can be determined from purely theoretical considerations. 
quantities do not permit a precise definition, nor can they be determined experimentally 
with sufficient accuracy. 
But these 
The different parts of the sun which are responsible for the energy received 
from the sun are distinguished as the photosphere, the reversing layer, the 
chromosphere and the corona. The photosphere is the sun's surface directly 
visible in a telescope or a darkened glass. 
increases rapidly with depth, and hence prevents us from seeing farther into the 
sun. Even with the best of telescopes the edge of the photosphere at the cir- 
cumference of the solar disc appears very sharp; hence we corclude that the 
transition from maximum brightness t o  total opacity occurs within a relatively 
short distance of about 50 km. This explains the close similarity of the solar 
spectrum to that of blackbody radiation. 
The opacity of the gases in this layer 
- 6- 
"he reversing layer and the chromosphere together form the atmosphere 
of the sun. The reversing 
layer expends to a few hundred miles and the chromosphere to a height of Several 
hundred miles. 
"hey consist oi" lminous but very transparent gases. 
t 
The chromosphere, consisting mainly of hyarogen and helium, 
is a partial absorber of solar radiation, but its effect is small compared to the 
more dense reversing layer. The reversing layer contains vapours of almost all 
the familiar elements of the earth's crust. The strow absorption of energy 
by the reversing layer is mainly responsible for the departure of the spectral 
radiant flux of the sun from that of a blackbody. 
The corona may be considered the extreme f r i q e s  of the solar atmosphere. 
The luminous part of the corona, as seen aurirg; a total eclipse, extends to a 
height of several solar radii. 
shown that the corona has no distinct outer boundary, and that even the earth's 
But recent experiments with spce probes have 
orbit is enclosed within a tenuous coronal region. Hence the attenuation of 
energy in the sun-earth distance is dreater than in the &ore rarefied regions 
of interstellar or intergalactic spce. 
J 
There are several other factors which affect the total and spectral radiant 
flux of the sun. Among these are the sucspots which b v e  a periodicity of eleven 
years, the faculae and the prominences which are relatively unpredictable, and 
the more yemianent inhomogeneities of the photosphere. Thus we conclude that 
many comslex railiative processes of emission and absorption combine to inake 
the energy received at the average distance of the earth to be significantly 
different from that of barckbody radiation. 
i ?  
2. Solar Simulation and Tkernal Balance of S p c e c r a l t  
In inc area of solar simulation and the,-m;zlbalance or' spacecraft, the 
above theoretical considerations of blackbody radiation laws and solar radiant 
flux are of great importance. 
of error and inaccuracy i n  the predicted equilibrium temperatures of satellites, 
A question or' special significance is the degree 
-7- 
caused by errors in the assumed values of the solar constant and the solar 
spectral radiant flux. 
case involves many, highly complex and variable parameters. 
A complete discussion of this problem in any actual 
Among these . 
I parameters are the planet radiation of the earth, the reflected solar radiation 
I 
from the earth, cloud cover and meteorological conditions, relative duration 
of the satellite inside and outside the earth's shadow, the ellipticity of the 
satellite orbit round the earth, the ellipticity of the earth's orbit round 
the sun, the external geometry of the satellite, the internal transfer of heat 
between satellite components, and the properties of the exposed surface of the 
satellite as regards absorption of radiation and its reemission. 
In our discussion of the problem we shall ignore the radiation from the 
earth. 
independent of the solar radiant flux. 
we shall consider first the case of a flat disc and that of a sphere, and extend 
the conclusions to a few other more general cases. 
It is also permissible to treat many of the other parameters as a constant, 
For the sake of mathematical simplicity 
Let A be the surface area of the disc, and let the thickness of the disc 
Let the disc be coated with an ideal black be negligibly small compared to 
paint. 
emittance is given by the Stefan - Boltzman law, equation ( 2 )  and all the solar 
energy incident on the surface is absorbed by it. 
to the solar radiant flux, the energy absorbed is PA, where P SS the solar 
radiant flux. 
A. 
Hence the surface is a perfect absorber and emitter, so that the radiant 
If the exposed area is normal 
The energy radiated by the body is 
2 A Q ( T  4 -T') 4 
where T is the temperature of disc and T' is the ambient tmperature. Since 
T and T' are respectively of the order of 300' K and 4' K, TI4 is about 
times T , and is negligible in comparison to T4. Let T be the equilibrium 
temperature. 
4 
Since the heat absorbed is equal to the heat radiated, 
4 2 A f f T  = P A ;  
i.e., ,+ = ,A, P. 
2 r  
Differentiating both s ides ,  
4 T ' d T s  1 
20- 
Dividing equation (4) by equation (3 ) ,  
dT/T = 1/4(dp/P) . ( 5  1 
Hence f o r  a perfectly f l a t  disc, the percentage e r ror  i n  the predicted value 
of equilibrium temperature, on the Kelvin scale, is  one-fourth the  percentage 
e r ro r  i n  the assumed value of the solar constant. 
It may readi ly  be shown that equation ( 5 )  is independent of the geometrical 
shape of the  body, and holds t rue  f o r  a l l  cases of a perfectly black surface, 
w i t h  no in te rna l  heat sources or heat sinks. 
If the body is spherical of radius R, the effect ive absorbing area is  the  
area of cross-section 71' R2, and is one-fourth the t o t a l  emitting area. 
equation (3) should be changed t o  
For a cube having one of i t s  six surfaces n o m a l t o  the solar  radiation, the 
equation of thermal balance corresponding t o  equation (3)  is T =(1/6~ )Po 
For a spinning body of a rb i t ra ry  shape, the only term that needs modification 
is the area of the absorbing surface, w h i c h  is the  time average of the  area of 
cross-section normal t o  incident radiation. 
Hence 
4 T = ( l / k r ) P j  the equation ( 5 )  is unchanged. 
4 
The above r e su l t s  m y  be i l l u s t r a t ed  by a few numerical examples. The 
Stefan - Boltzmann constant, C , i s  5.6693 x 
constant, P, is  assumed t o  be 0.1395 x lo7 erg a-2 s-l .  
values i n  equation (3)  gives the equilibrium temperature of a disc  t o  be 331.1°K 
erg cm -2 s-l the solar 
Substi tution of these 
o r  60.1~~. 
would increase the predicted equilibrium temperature t o  68.loC, aad a decrease of 
t e n  per cent would lower the  predicted value t o  51.4OC. 
An increase of ten  per cent i n  the assumed value of the solar  constant 
2 .C '  , * -9- 
For a spherical  body, the r a t i o  of the absorbing area t o  the emitting area 
is half that of a f l a t  disc, and the equilibrium temperatures a re  lower. 
predicted values are T C ,  13.4OC and -0.2OC respectively for  assumed so lar  ;on- 
s t an t  0.1395, 0.1535 and 0.1256 watts CXQ'~ .  
The 
Actually the surfaces of satellites a re  not perfect absorbers o r  emitters, 
and hence it is  necessary t o  introduce the  expressions for  absorptance and 
emissivity in to  the equations of thermal equilibrium. Both absorptance and 
emissivity a r e  t o  be d i s t i w i s h e d  as t o t a l  and monochromatic. 
between the d i f fe ren t  quantit ies canbe  best  expressed by the following equations: 
If P i  dh is the energy incident i n  the wavelength range h t o  X+dX, 
the  energy absorbed i n  the same range i s  kA . (The prime indicates that 
the  radiant f lux  has a spectral  dis t r ibut ion different  from that of a blackbody). 
The relat ions 
The t o t a l  energy absorbed i s  r?[oc, d] , and the t o t a l  incident energy is 
JwTi d l  . The r a t i o  of the two integrals  is  the t o t a l  absorptance o( . 
The def in i t ion  of the absorptance of a surface is  thus necessarily w i t h  reference 
t o  a specific spec t ra l  dis t r ibut ion o f  the  incident radiant f l u .  In par t icular ,  
so l a r  absorptance values d i f f e r  according as one considers the absorptance a t  
sea l e v e l  or  fo r  zero air mass and according as one o r  another of the accepted 
solar spectral  radiation functions is used f o r  performing the integration. 
absorptance i s  determined e i ther  by exposing specimens t o  sunlight and measuring 
Solar 
the energy absorbed o r  by calculating the value from known functions of CIA and 
The radiant emittance from a non-blackbody surface is  given i n  terms of that 
from a blackbody surface at  the same temperature by the equation 
& and 6, a r e  respectively the t o t a l  emissivity and the  spectral. emissivity. 
-10- 
The equation for temperature equilibrium for a body which is not a 
perfect absorber or mitter is 
€ A 6 r T  = & Aoc P' , . (7) 4 
Ah and AM are respectively the areas of the enitting surface and the absorbing 
surf ace . 
The equilibrium temperature depends not only on the ratio A ,  /AG as 
discussed earlier, but also on the ratio * / 6  
might consider two extreme cases of 
respectively 2 and 2-4. 
disc are respectively 666.2OK and 166.6'~ In actual cases O L / ~  does not 
vary over such wide ranges. 
. For numerical examples, we 
equal 16 or 1/16. 
The corresponding equilibrium temperatures of a flat 
These numbers are 
4 
For white paint representative values are aC = 0.22; 
6 = 0.88; for evaporated gold, a = 0.07; 6 = 0.02. It is important to note 
that the temperatures with reference to which are measured the two ratios OL and 
, are very different. The emissivity refers to the actual temperature of the 
Tne definition of d assumes the spectral energy distribution of a body satellite. 
at a relatively nigh tenperature, 6000'K. 
In so far as the calculation of oC is dependent on the assumptions regarding 
the solar constant and the solar spectral radiant flu, the degree of error in 
these values causes a corresponding error in the predicted values of the equilibrium 
temperature. However, this is a second order effect since ut is the ratio of the 
two 
:t 
A 
integals, 
This becomes significant oily in cases where dXis very highly wavelength de- 
pendent, 8s may well happen with specially prepared surfaces of very thin multilayer 
coatings. 
by the Amour Research Foundation (WADC Technical Report, May 1957) on solar * 
absorptances at sea level and for zero air mass of a large number of standard air- 
craft materials. 
Reference may be made in this connection to the extensive studies made 
These data have been cited in a review of literature entitled 
. *e' L - 11- 
"Thermal Radiation Properties Survey,'' by G. G. Gubareff, J. E. Janssen and 
I<. H. Torborg, published in 1960 by Honeywell Research Center, Minneapolis, 
Minnesota. 
metal surfaces with different grades of polishing, and a few surfaces of 
graphite and plastic laminate. 
d 
10 . Over 70 different types of surfaces have been examined, xnos5ly 
The difference between OC at sea level and 
above the atmosj?here is of the order of one or two percent for surfacks 
having d greater than 0.4. Large percentage differences of 5 to 35 per cent 
occur in cases where d 
alloys. 
is small, as for example copper, aluminum and magnesium 
For copper and magnesium alloys the absorptance at sea level is lower 
than that above the atmosphere and for aluminum it is higher. The uncertainties 
in our current knowledge of the solar spectral radiant flux are the greatest in the 
wavelength range below 3600 A,  and unfortunately this is also the range where the 
spectral absorptance of most satellite coatings are highly wavelength dependent. 
A s  stated earlier the percentage error in the predicted temperature in degrees 
Kelvin is one fourth the corresponding percentage error in the assumed values of 
a or P. The errors are cumulative. 
Given the large variety of the external shape and the surface coating of 
spacecraft, it is not possible to draw any more specific conclusions about the 
degree of error in predicted equilibrium temperatures. Those eqaged in prelaunch 
testing in solar simulators and in theoretical computations of predicted temperatures 
should have at hand the values as accurate as possible, of the solar constant and 
~ 
the solar spectral radiant flux. A n d  more importantly they should have an 
estimate of the possible errors in the accepted values of these quantities. 
3. Stanaard Scales of Eadiation Measurement 
One of the major problems in all measurement of energy is the standard 
scale with reference to which the energy measurements are rt+orted. Inter- 
nationally accepted standards exist for fundamental units like len&th and mass 
-12- 
and for many of the derived units like ampere and volt. As for total radiant 
f l u  and spectral radiant flux, ,different countries use different standards, 
and intercomparisons between them show that they differ among each other 
by one or two per cent. 
: 
FQr the sake of clarity the question of a standard may be put thus: 
when can one say that a certain lenggh is one meter, that a certain current 
is one ampere or that a certain radiant flux is one watt per cm 'i 
2 The answer 
about the meter and the ampere are given unambiguously,. with a high degree 
of accuracy, and is accepted by international commissions. The meter is 
defined in terms of a spectral line of krypton, and the ampere in terms of 
the amount of silver deposited by a standard cell. There is no such inter- 
nationally accepted standard for energy. 
A secondary standard of spectral radiant energy most widely used in the U . S .  
11 
is the tungsten ribbon lamp operated at a specified current . The calibration 
table supplied along with the lamp gives the spectral radiance of the incandescent 
ribbon at a large number of wavelengths. The physical quantity which is measured 
in the process of calibration is the color temperature of $he ribbon at one 
or more wavelengths. The color temperature is determined with reference to a 
blackbody of known temperature. From known values of the emissivity of tungsten, 
transmission coefficient of the envelope of the lamp and blackbody radiation 
functions, it is possible to calculate the spectral radiance from the color tempera- 
ture. Relatively large errors may be introduced into the calculations because of 
the poor accuracy with which the emissivity of tungsten and the color temperature 
are determined. The calibration tables of the tungsten stazdard ribbon lamps do 
not claim an accuracy better than 5 per cent. This may perhaps be a conservative 
estimate. No attempt bas been made to establish an international standard for 
spectral radiance. 
-13- 
12 
The s i tuat ion is s l igh t ly  be t te r  f o r  t o t a l  radiant flux . The standard 
i n  t h i s  case is  not a source of radiant flux but  an instrument f o r  measuring 
radiant  flux. I n  other words,a standard scale of radiant flux is established 
giving the incident energy ( in  watts per cm 2 ) i n  terms of a more readily 
measurable physical quantity, temperature ( in  degrees C ) or  current ( i n  amperes) 
generated i n  a given instrument. 
done i n  connection with the  measurment of solar  energy, and the  instrument is 
the  pyrheliometer. 
Most of this work of standardization hds been 
In meteorological i n s t i t u t e s  measurements of t o t a l  radiant flux are  usually 
standardized with reference t o  m e  o r  the other of two standard scales. For the  
sake of brevity we shall re fer  t o  them as the  Smithsonian scale and the  
kngstr8n; scale. 
has been done i n  comparing them with each other.and with other independent 
radiation scales. 
procedures w i l l  help c l a r i f y  some of the confusion concerning radiation neasurement 
and w i l l  show the  degree of e r ror  i n  such measurement. 
0 
Both scales have been periodically revised and considerable work 
A br ie f  description of the i n s t m e n t s  and the  Standardization 
The Smithsonian scale is  defined with the a id  of the Abbot s i l ve r  d i sc  
A s i lve r  d i sc  is exposed t o  solar  radiation and the r i s e  i n  
To convert the  temperature r i s e  i n  OC 
pyrheliometer. 
temperature of the d isc  is  measured. 
2 t o  energy i n  watts per cm , a calorimeter is exposed t o  the s m e  radiation and 
the  heat absorbed by the calorimeter i s  determined. 
with the a id  of the WngstrGm compensated s t r i p  pyrheliorzleter. 
similar metall ic s t r i p s  i s  exposed t o  solar  radiation and the other is heated by 
an e l e c t r i c  curren$; the value of the current is  adjusted u n t i l  both the s t r i p s  
a r e  a t  the same temperature. 
and the absorptance of i t s  surface it is possible t o  es tabl ish a standard scale 
of radiant f l ux  i n  watts cm'* i n  terms of the  current i n  amperes. 
The fingstr6m scale is  defined 
One of two 
From known values of the  resistance of t he  s t r i p  
.. . .  
In 1932, the Smithsonian Institution introduced an improved form of 
calorimeter, and reexamined the accuracy of the scale which had been in use 
since 1913. 
the measurements made on the 1913 scale had been 2.55 too high. 
The result of this study was that the Smithsonian announced t$t 
This finding 
was confirmed by later measurements made in 1934, 1947 and 1952. However, 
the Smithsonian continued to standardize instruments in terms of the1913 scale 
so as to preserve continuity. 
0 
The Angstrsm scale was originally established in 1905. It is based on two 
main types of instruments. For one type of instruments the original calibrations 
were made at Uppsala, Sweden, and now they are being made at Stockholm, Sweden; 
the source of energy is the sun and the conversion from current in amperes to 
energy in watts cm is made from the known paraneters of the instrument. For -2 
the other type of instruments the calibration is made at the Smithsonian Institution, 
with the sun as source and the standard calorimeter as the reference, in the same 
manner as for the Abbot silver disc pyrheliometer. 
absolute scale established by the Uppsala-Stockholm group as the Angstrsm scale. 
We shall refer to the 
0 
The original scale established in 1905, was later found to be in error due to 
several causes, in particular, "the edge effect," namely that the edges of the 
exposed strip receive no radiation. Extensive studies made at Stockholm in 1956 
and preceding years showed that the measurements made on the 8ngstrh 1905 scale 
were Z$ too low. 
13 
Thus a reading Smithsonian 1913 scale is to be lowered by 2.5$1, and that 
on the xngstrsm 1905 scale is to be raised by 2$ to give the correct value of 
radiant flux. If the experiments on which these resalts a r e  based are accurate, 
we would expect that a substandard instrument calibrated on both the Snithsonian 
1913 scale and the fkgstr8m 1905 scale should give different readings according to 
which scale I s  used; the reading on the Smithsonian scale should be 4.5% higher 
-15- 
than the reading on the 8ngstrt.m scale. Several such comparisons of the two 
scales, have been made using sub-standard instruments with the sun as source. 
differences are not constant, but show a large scatter; and the mean of the 
differences is 3.5% and not 4.5% as we would expect. 
may be that different instruments when directed at the sun do not always view 
The 
One explanation for this 
the same fraction of the circum-solar atmosphere. 
free from this source of error. 
Laboratory sources should be 
A few measurements have been reported using a 
laboratory source instead of the sun as the source of radiant flux. 
of the differences between the two scales is even lower, namely,2.8 per cent. 
has been explained as probably due to another source of error, introduced by the 
relatively weak laboratory source; the area of the Abbot silver disc of the 
Smithsonian instrument is too large and does not receive a uniform distribution 
of energy when exposed to a laboratory source. 
The average 
This 
Comparisons have been made also between the angstr& 1905 scale and two 
other independent, so-called standard scales, one British and the other Easf; 
German, both of which are claimed t o  be absolute, that is, to give radiant 
flux in watts cmm2. 
maintained at the National Physical Laboratory and a sub-standard representing 
the 8ngstrgm 1905 scale showed that the latter is lower by 0.5 per cent. 
series of intercomparisons, using the sun as source, were made in 1934 at Davos, 
Switzerland, between the absolute pyrheliometer (a calorimeter ) maintained at 
Potsdam, Germany and a substandard representing the gngstrb 1905 scale. 
studies showed that, the &ptr& 1905 scale was too low by 1 per cent. 
of these differences comes up to the 2 per cent which according to the Stockholm 
Institute is the correction to be applied to the hgstr& 1905 scale. 
A laboratory comparison between the British standard scale 
A 
mese 
Neither 
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The International Radiation Conference held i n  1956 at Davos, Switzerland, 
reconanended the adoption of a oew cczle 09 rd-lation t o  replace the  Smithsonian 
1913 scale and the  RngstrEm 1905 scale. This scale  was adopted by t h e  Wor$d 
Meteorological Organization, t o  be effective from January 1, 1957, and i s  known 
as the  International Pyrheliometric Scale 1956, which we shall write as I. P. 
sca le  1956. 
I. P. scale 1956, the measurements on the angstriim 1905 scale  should be increased 
by 1.5 per cent and the  measurements on the  Smithsonian 1913 scale should be 
By defini t ion of this scale, t o  express pyrheliometric meas&enents on the  
decreased by 2.0 per cent. 
The re la t ion  between the I. P. scale 1956 and the  other scales is shown 
i n  t he  following diagram. 
!<-a- - - - - - British-Angstrzm Comparison 
I if .5$ ' < P O -  - - I 10 Potsdaxu-Angstram Comparison I 
k Stockh 
I 
I 
s% 1 &% I I s,! 
Smithsonian revision 1932 
1 
I 
I 
I 
I 
I 
I 
I 
Im revision I 
I 
I 
I 
I - -  
I I 
2.G )I i l.5$/ Smithsonian Scale 1913A 
I O  Angstram Scale 1905 
- 17- 1% : ' 
. .  
Each black dot represents a scale of radiation, and i t s  r e l a t ive  distance 
t o  the right o r  t o  the l e f t  of the  ver t ica l  l i n e  shows by what percentage 
the  readings on that scale a re  higher or  lower thsn the  readings on the  
Internat ional  Pyrheliometric (I. P o )  scale 1956. By def ini t ion of t he  I. P. 
scale  1956, the angstrom 1905 scale  is low by 1.54, and the  Smithsonian 1913 
scale  is  high by 2 . 6 .  
1932 scale O.5$ lower than the I. P. scale 1956. 
corrected angstrom scale 0.5% higher than the I. P. scale 1956. 
and German scales are lower than the I. P. scale 1956. 
The Smithsonian revision of 1932 makes the  Smithsonian 
The Stockholm revlsion mkes the 
Both the British 
These re la t ive ly  large differences between the different  scales should be 
borne in m i n d  when comparing the values of the solar  constant given by different  
authors . 
A question of special  i n t e re s t  is: on w h a t  scale is  based the Johnson value, 
What Johnson attenpted was a revision 2.00 cal min-l of the solar  constant? 
of the Smithsonian data. According the Srnithsonian, the solar  constant, on the 
-2 -1 a 
scale  of 1913, i s  1.981 c a l  cm 
high. Aldrich and Hoover 
min . But ra$ings on t h i s  scale a r e  too  
s ta ted  i n  a paper i n  1952 by how much the value should 
4 
be lowered; the  amount is  2.37 per cent, which is  s l igh t ly  l e s s  than the 2.5 
per cent of the 1932 revision. It is  t h i s  correction that Johnson accepted as a 
s t a r t i n g  point: 1.981 (1 - 0.0237) = 1.934. 
a sca le  0.37 per cent lower than the International Pyrheliometric Scale m-. 
Thus the  Johnson value i s  based on 
1 i ri"G 
,9 5 !, 
111. W I W  OF MAJOR CONTRIBUTIOES 
1. Smithsonian Ins t i tu t ion  
The most extensive investigations on the so la r  constant and the  spectral  
d i s t r ibu t ion  of so la r  radiant f lux are  those made by the Smithsonian Ins t i tu t ion  
of Washiwton, D. C. The work was s ta r ted  at  the  beginning of the century, and 
w a s  continued f o r  over f i f t y  years. 
-18- 
The main steps of the Smithsonian procedure are shown i n  f i i p r e  1, which i s  
1 14 
adapted from Johnson and Tousey , There are two independent measuring 
instruments, one a pyrheliometer which measures the t o t a l  energy without any 
spectral  resolution, and the other, a spectrobolometer which measures on a r e l a t ive  
scale  the solar  spec t ra l  radiant flux. The pyrheliometer reading is used f o r  
converting the re la t ive  values of the spectrobolometer t o  an absolute scale.  
But the  two i n s t m e n t s  do not have an ident ica l  wavelength range. 
bolometer i s  limited to  the wavelength range O.3k6 t o  2.4 microns, whereas the  
pyrheliometer reg is te rs  the energy of the en t i re  spectrum as t ransni t ted by the  
atmosphere. 
by t he  spectrobolometer a correction fac tor ,  
the  area under the two ends of the curve of spectral  radiant flux, 
correction factor  the  spectrobolometer curve i s  extended t o  the whole range of 
the pyrheliometer, and the area under the curve i s  equated to  the pyrheliometric 
The spectro- 
Hence one has t o  add t o  the integrated area under the curve given 
The correction factor  is equal t o  
With th i s  
reading. 
Thus the  r e l a t ive  scale of the spectrobolometer is  converted t o  an absolute 
-2 
sca le  and values of spectral  radiant flux i n  w a t t s  cm 
range 0.346 t o  2.4 . 
are  available f o r  the 
These values, however, r e f e r  to  the solar  energy received a t  the surface of 
the earth. The t ab le  of values thus  obtained f o r  different  wavelengths a re  next 
extrapolated t o  zero air mass by compring the data f o r  different  zenith a x l e s .  
For large zenith angles the assumption that the opt ica l  a i r  riss, m, is equal t o  
thesecant of the zenith angle does not hold good, and the modifications ;iven 
by Bemporad 
15 
f o r  the curvature of the atriiosshere and refract ion a re  t o  be applied. 
The extrapolation t o  zero air mass gives the curve f o r  spec t ra l  radiant 
f lux in the range 0.346 t o  2.4 outside the earth 's  atmosphere. The area under 
- 19- 
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the curve is determined by integration. To t i e  integrated value is  added 
the zero-air mass corrections, namely, the areas under the  curve of solar  
spec t ra l  radiant flux i n  the  ul t raviolet  range below 0 . 3 4 6 ~  and i n  the infrared 
beyond 2.4 p . The f i n a l  r e su l t  of this procedure i s  the solar  constant. 
The Smithsonian procedure has remined pract ical ly  the same over the  years, 
but the value of the solar  constant has often been revised par t ly  due to'im- 
provements i n  methods of measurements and data reduction and par t ly  due t o  revision 
of the  pyrheliometric scale. 
2. Parry Moon's Analysis 
A contribution of major importance i n  our current knowledge of the so la r  
radiant f lux  was made by Parry Moon i n  1940. 
standard solar radiation curves for  engineer iq  use. 
and compare available data on questions such as var ia t ion of solar illumination 
w i t h  seasons of the year, hours of the day, la t i tude  of location, heil;ht above sea 
level ,  etc.  In aoing so, he made a systematic study of the absorption e f fec t  of 
t he  atmosphere and the spectral  dis t r ibut ion of  radiant flux outside the  atmosphere. 
Moon's main purpose w a s  t o  propose 
He attempted t o  co l la te  
Parry Moon made a detailed analysis of the absorption effects  of the 
atmosphere. 
it is  not necessary t o  reproduce here. 
2, reproduced from P. R .  Gast, which gives four curves re lated t o  solar  spec t ra l  
radiant  f lux.  The lowest curve which has a large number of sharp dips i s  the  
spec t ra l  radiant f l ux  as observed by a ground - based instrument when viewing 
so la r  radiation at zenith angle zero, tha t  is, when the p t h  of sunlight i s  
normal t o  the  ear th 's  surface. 
The resu l t s  a re  presented i n  a ser ies  of tables and Graphs which 
The main results are  suzxiarized i n  f igure 
The smoother curve shown above the experimentally observed curve i s  w h a t  the  
spec t ra l  dis t r ibut ion would be in  the absence of the major molecular absorption 
e f f ec t s  of 02, 03, H20 and C02. 
-20- . .  , : L 
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The th i rd  curve is the  solar  spectral  radiant f lux  fo r  air mass zero. This 
curve, however, is  based not on Moon's computation, but on t he  l a t e r  and more 
accurate revision of Smithsonian data given by Johnson. 
the backbody radiation cu rve  f o r  6000°~, i s  shown f o r  purposes of comparison. 
A fourth curve, . 
Another major contribution by Moon was a comparison of the Smithsonian 
r e s u l t s  with those of other independent observers. This i s  shown i n  fi,we 
3.  Smithsonian's best  results are believed t o  be the weighted average of the 
measurements of 1920 - 22, which is shown i n  the figure by circles ,  and the  
circles are joined together by a short dash curve. Three other s e t s  of Smithsonian 
data shown i n  the  f i b m e  a re  from ear l ie r  periods: 1903 - 1910, 1903 - 1910 onit-  
t i ng  quartz resul ts ,  and 1916 - 1918. t 3  These resu l t s  a r e  compared w i t h  those 
from three other independent source5,Wils@gts measurements nade a t  Potsdam , 
17 18 
P e t t i t ' s  measurements and those of Fabry and Buisson . The data of f ippre 
5 a r e  i n  a rb i t ra ry  units, on a log-log scale, and hence the shape of the curves 
appears d i f fe ren t  from those of figure 2. The log scale  f o r  spectral  radiant 
f l u x  permits one t o  s h i f t  any s e t  of points up or  down t o  secure maximum agreement 
with a l l  the other sets .  The blackbody dis t r ibut ion shown i n  f igure 3 by long 
dash cukve i s  f o r  6000 K; this temperature was chosen because the  maximum of the 
6000 K blackbody d is t r ibu t ion  occurs at about the  sane wavelength as f o r  the 
0 
0 
Smithsonian 1920 - 22 resul ts .  
bes t  f i t  a f t e r  due weighting f o r  a l l  published resu l t s  i h  shown by the  heavy 
continuous curve. 
The standard curve which Moon proposed as the  - 
5 
Moon's proposed curve follows the data of Fabry and Buisson i n  the wavelength 
range below 0.32 and the  data of P e t t i t  f o r  the range 0.32 t o  0.40 . H e  
considered these more re l iab le  f o r  the respective ranges. The Smithsonian values 
-21- 
were apparently too high because of scattered l ight i n  the spectrograph. 
the range 0.40 t o  0.60 
other resul ts .  
longer wavelength range. 
a r e  lower tban a l l  the other values w h i c h  a r e  i n  close agreement. 
I n  
the Smithsonian results a r e  i n  general agreement with 
Moon's curve departs again from the  Smithson& resu l t s  i p  the  
I n  the range 0.60 t o  0.75 p the Smithsonian values 
For the  range 0.50 t o  1.0 p the depression of the solar  curve below the 
6000 K blackbody curve is  so well  established experimentally that Moon f e l t  there  
i s  no jus t i f ica t ion  in following the Planckian curve i n  this range. 
infrared, beyond 1.25 )c up t o  2.5p 
suf f ic ien t ly  close t o  a11 available experimental data other than the  Smithsonian 
1920 - 22 data. In the range beyond 2.5 experimental data a r e  scarce. Water 
vapor and carbon dioxide have strong absorption bands i n  t h i s  range, so that the  
extrapolation of ground - based measurements t o  zero air m a s s  is subject t o  
la rge  errors.  
beyond 1.25 . 
0 
In the 
, the 6000% Planekian curve seemed 
Hence Moon suggested the  600OoK PlanCkian curve f o r  the r243e 
P 
"he t o t a l  area under the  solar spec t ra l  dis t r ibut ion curve proposed by Parry 
Moon is  0.1322 watts o r  1.896 c a l  min'. The value is based on the  
1913 Smifrhsonian scale  and hence must be increased by 2 per cent t o  agree with 
t h e  International F'yrheliometric scale 1956. 
with the  more widely accepted Johnson's results, a l l  values on Moon's scale  should 
be multiplied by 1.026 which is the r a t i o  of Johnson's and Moon's values of the  
integrated so la r  radiant f l ux  i n  the wavelength range of Moon's table,  that is, 
f o r  h greater than 0.29 
I n  order t o  compare Moon's r e su l t s  
- 
,,r~\(? 
. 
3. National Bureau of Standards, S t a i r  and Johnston 
Ralph S t a i r  and Russell G. Johnston made i n  1955, and e a r l i e r  years a ser ies  
of extensive measurements of the  spectral  radiant flux of the sun. 
attempted t o  eliminate some of the major sources of error  of the  Smithsonian data. 
They 
-22- 
The authors observe that i n  the  Smithsonian work the  so la r  bean was ref lected 
in to  a spectrobolometer by a metal coated mirror whose r e f l e c t i v i t y  was subject 
t o  change w i t h  age. 
which introduces another fac tor  of uncertainty i n  the ref lect ion coefficient 
The light is incident on the  mirror a t  different  ang$es, 
of the  mirror. The so lar  image is focussed on the s l i t  of the spectrograph, and 
hence the  spectrograph views only a very sniall portion of the solar  disc  a t  a 
given time. Large and ra ther  uncertain correction factors  a r e  involved i n  
attempting t o  calculate the  energy of whole solar  disc  from such measurements. 
Another source of error  i n  the Smithsonian data i s  tha t  a pyrheliometer 
is  used t o  integrate  the energy of the whole spectrum and t o  obtain the r e su l t  
i n  absolute units. This involves several assumptions based on inadeqxt,e observational 
data concerning the absorption of energy by t h e  atmosphere and thc spectral  
l i m i t  of t he  pyrheliometer. 
S t a i r  and Johnston adopted an experimental arrangement which eliminated 
automatically several of these sources of error.  The apparatus was se t  up at 
a location where the e f fec ts  of the atmospheric absorption were considerably l e s s  
than at sea leve l  i n  a densely populated ci ty .  
New Mexico, a t  an a l t i t ude  of 9200 f ee t .  
.> 
The location chosen vas  Sunpot, .. 
The spectrum w a s  scanned by a Leiss 
double quartz prism spectrograph. 
cross the sky. 
It was lcounted on the  polar axis and dr iveda -  
Hence the corrections f o r  oblique incidence of li@t on hc l ios ta t  
n 
mirrors could be eliminated. A.specially designed amplifier c i rcu i t  ensured a 
high degree of l i nea r i ty  of response. ‘Amgsten ribbon standard lamps calibrated 
a t  t h e  National Bureau of Standards were used t o  reduce the readings t o  absolute 
in tens i ty  v&es. 
Measurements were made on four days, June 3, 4, 6, and 7, 1955, i n  the 
spec t ra l  range 0.3 t o  0.54 microns. 
measurements were made i n  the range 0.32 t o  2.6 microns. 
On four other days, June 16, 17, 18 and 19, 
The effect  of atmospheric 
attenuation was determined by the  conventional method of assuming that the  
-23- 
pathlength through the  atmosphere i s  proportional t o  the secant of the  zenith 
angle. 
various publications of S t a i r  and his coworkers 
A complete discussion of the methods of data reduction a r e  given i n  
19, 20, 21, 6 . 
The solar constant is calculated from t h e  area under the  spec t ra l  radiant 
flux curve f o r  zero air mass. 
distance a t  the time of the  measurement. 
radiant  f lux f o r  the  average sun - earth distance the observed values were 
The experimental curve is f o r  the  actual  sun - ear th  
I n  order t o  get the values of spec t ra l  
multiplied by 1.0244. No data f o r  the spectral  radiant f lux  a r e  experimentally 
avai lable  fo r  the  u l t rav io le t  range below O.3F or  f o r  the  infrared range above 
2.6 t~ . For the  u l t rav io le t ,  the curve is arbitrarAly assumed t o  drop down t o  
zero at about 0.2 o r  0.22 . A correction fac tor  of 0.06 calor ies  per sq. cm. 
per minute i s  assumed t o  be the  probab1,e solar energy of wavelength beyond 2.5 
based on a blackbody curve a t  the solar temperature. 
~ 
I , 
I With the  addition of 
these correction factors,  the value of the  solar constant is  2.05 calories per 
sq. cm. per minute. 
According t o  the authors this value is  probably correct t o  l e s s  than 5 
percent, and "is i n  general agreexnL with recent estimates, being a l i t t l e  higher nt 
than those usually reported by the  Smithsonian Institution." Johnson's value is 
2.00 ca l  cm'2 m i n - l  w h i c h  is only 2.5 percent l e s s  than S ta i r ' s  value, and hence 
well within the percentage accuracy claimed by S ta i r .  
of 0.06 cal 
slightly below Johnson's estimate f o r  this range, w h i c h  i s  0365 ca l  cmm2 min-' 
The infrared correction 
min'l assumed by S t a i r  is  2.93 percent of the to t a l ,  and is 
o r  3.27 per cent of the  t o t a l .  
In t h e i r  discussion of the data, S t a i r  and Johnston s t r e s s  the complicated 
nature of the steps involved i n  gathering and evaluating the  measurements. There 
are numerous sources of uncertainty and error.  Hence the accuracy cannot 
claim t o  be be t t e r  than plus o r  minus a few percent. They also observe tha t  the 
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rcsults they obtained at Sunspat were s l i a t l y  d i f fe reu t  from t h u s 2  they 
had repor ted  e a r l i e r  from th2ir mcassrcments a t  Clinax 
Peak 
20 
anu at Sacrwerito 
21 . This is probably t o  be at t r ibuted t o  improvements in  the cxpcrinental 
techn,que, o r  may a l s o  be due t o  solar changes within the  in2crval. rIriatk.er 
important source of uncertainty which the authors have s t ressed is the radiometric 
standard. 
a r e  subject t o  revision, and such revision, if later found necessary, will alter 
The values currently adopted for  the spec t ra l  emissivity of tunksten 
the  values of t he  so la r  constant and the so lar  spec t ra l  radiant flux. 
4. Naval Research Laboratory, Dunkelman and Scolnik 
Another set  of measurements which should be reviewed i n  some d e t a i l  were 
made by Dunkelman and Scolnik. These measurements were made i n  1951, but  were 
2 
not reported in deta i l  u n t i l  eight years later i n  1959 . The conventional method 
u s . d  by S ta i r ,  Moon and earlier workers w a s  adopted t o  extrapolate from ground- 
based neasurements t o  zero air  mss. The observation s t a t ion  w a s  s i tua ted  on 
the  top  of a f la t  rock, a t  an elevation of 8025 fee t ,  on Mount Lenmon, near Tucson, 
Arizona. But it was a r e a l  disappointment t o  the observers that the  sky above M t .  
Lemon w a s  overcast w i t h  clouds during most of the period, September 20 t o  October 
17, 1951, which they spent on the  mountaintop. 
on one day, October 4. 
Useable data were obtained only 
On that day a t o t a l  of 25 spectral  scans were made at  
d i f fe ren t  times from ear ly  morning till l a t e  i n  the  evening. 
The spectrum was produced and the  energy scanned by means of Leiss quartz 
double monochromator, detected by a 1 P 2 1 photomultiplier tube, a m p l i f i e d .  and 
presented on a s t r i p  chart recorder. 
0 . 7 0 0 p ,  the only range where the  1 P 2 1 detector is suf f ic ien t ly  sensi t ive.  I n  
bk%rr S ~ W & &  tang&* W&V@%W=k&&PWl@t# ofrly Q ~tsr c\(n55 ~3f' tna entire run;;e of 0 t o  5 p -  
of the so lar  spectrum is contained about 40 per cent of the t o t a l  so la r  enerGy. 
purpose of the observers was not t o  chart the en t i r e  spec t rm o r  t o  evaluate the  
s o l a r  constant, but t o  provide a calibration staadara whereby t'ne r e l a t ive  
The wavelength covered vils from O.jO3k t o  
The 
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measurements of the rocket data collected by the Naval Research raboratory i n  
the l i t t l e  known u l t rav io le t  range could be reduced t o  absolute values of 
radiant  energy. * 
The equipment was calibrated frequently by using the s p e c t r u  of the 
tungsten lamp. 
previously been calibrated at  the National Bureau of Standards with reference t o  
The tungsten lamp which operated a t  a temperature of 2830'K had 
a blackbody, i n  accordance with the Bureau's well established procedure. !'&ere 
i s  no reason t o  doubt the N. B. S. calibration technique, and it was decidedly 
the best  available a t  that time. Hcwever it should be noted that t i c  N .  3. S. 
does not claim an accuracy be t te r  than 5 per cent for  i t s  calibration table. 
method which was used i n  1951 involved a ser ies  of d i f f i c u l t  calculations fron 
!The 
the  color temperature t o  the t rue  temperature, and thence throui;h blackbody radiation 
functions and spectral  emissivity curves of tungsten t o  the spectral  radiance of the 
tungsten ribbon as viewed through a quartz window. This method bas since been 
replaced, and the present calibration tables  give the spectral  radiance a t  selected 
wavelengths fo r  a specified current. 
The block diagram of the apparatus used by Dunkelman and Scolnik i s  reproduced 
2 
i n  f igure 4 from t h e i r  or iginal  paper . Light from the sun or  from the standard 
source, L, i s  introduced into the k i s s  double monochromator froc, the magnesium 
carbonate block C. The lamp current and the voltage a re  monitored continously 
by means of a voltmeter V and anmeter A, and adjusted when necessary by a 
variac VA. The mirror 5 is  interposed i n  the path of the bean from the 
s ideros ta t  when a cal ibrat ion run is  t o  be made. The signals from the phoGomultiplier 
PM are amplified by a D. C. am2lifier and recorded on a s t r ipchart  recorder. A 
bucking box B serves t o  subtract the dark current. 
A major contribution of Dunkelman and Scolnik w a s  the detailed comparative I 
I 
I 
1 
study they made of the data obtained by different  observers. 
study are presented i n  figures 5 and 6, a lso reproduced here from t h e i r  or iginal  paper. 
The resu l t s  of this 
-26- 
In  f igure 5 a re  given the be t te r  known measurements of the en t i r e  solar disc  
=,23 
made pr ior  t o  1949. 
only, though they are  basical ly  absolute. P e t t i t  
The Smithsonian data are  usually shown i n  re la t ive  uni ts  
24 
normalized his spect3al so la r  
radiance data t o  agree with those of the  Smithsonian at 0.45 p I n  f igure 5 
both the Smithsonian and Pe t t i t ' s  curves have been readjusted downwards t o  make 
them conform t o  the new absolute energy values for the  solar spectrum given i n  the 
Ninth Revised Edition of the Smithsonian Physical Tables . The short  curve for . 
the  range 0.3 t o  0.33p i s  based on S ta i r ' s  absolute measurements of 1947 
data of Hess , Reiner , and Gotz and Schonmann 
25 
26 . The 
27 28 29 
were published only on a r e l a t i v e  
scale. 
i n  order t o  make a meaningful comparison. 
Dunkelman and Scolnik normalized these curves against P e t t i t ' s  a t  0.4725 
The large differences i n  the wavelength 
range below 0.4 /t are  probably due t o  s t r ay  light i n  the  spectrograph, uncertainties 
i n  the  cal ibrat ion of the tungsten standard, and errors  i n  the extrapolation t o  
zero a i r  mass i n  a wavelength range of high absorption. 
I 
I 
I 
In figure 6 i s  shown a comparison of Dunkelman and Scolnik's measurements 
with more recent data, those of P e t t i t  and of Stair and Johnston. 
a r e  based on integrated energy values and do not show the f ine  de t a i l s  of f igure 
5 .  S t a i r  and Johnston's curve agrees closely w i t h  that of Dunkelman and 
Scolnik i n  the wavelength range below 
lower by about 25 per cent. 
S t a i r  and Johnston are  high, whereas those of Dunkelman and Scolnik anu of P e t t i t  
are i n  f a i r l y  close agreement. Solar spectral  radiant flux a t  0.6p i s  1.81 k w  cm-2 
A'l according t o  Dunkelnan and S c o M k  and 1.963 p w  
S t a i r  and Johnston. 
Dunkelman and Scolnik had t o  be raised by 9 per cent i n  oraer t o  confor:; t o  the 
Srnithsonian data and the MIL rocket data. 
The value on the or iginal  scale i s  
The curves 
0.5 , whereas P e t t i t ' s  values are  
0.5 fL , the results of  I n  the range above 
A - l  according t o  
I 
Francis Johnson had concluded that the or i&ina l  scale of 
I 
1 
I 
The value 1.81 i s  on this raised scale.  
-2 A - ~  w h i c h  is PW 1.66 
- 2-79 
I .  * -  
. .  
* 
different  from Sta i r ' s  value by 18.2 per cent. This large difference occurs i n  a 
wavelength range which m i g h t  be considered the most favorable f o r  accurate solar  
measurement, a range where the solar  energy is high, atmospheric absorption is 
low, detectors a re  highly sensi t ive and t h e  tungsten standard is suf f ic ien t ly  
strong. Concerning t h i s  difference, however, Dunkelman and Scolnik make the 
2 
following observation: "The resu l t s  of S t a i r  between 5000 and 7000 A a re  high, 
and a re  not i n  agreement with any previous work including his own e a r l i e r  
measurements. 
that is higher than recent measurement of Karandikar , and most previous solar  
Further more they lead t o  a value of extra - t e r r e s t r i a l  illuminance 
30 
5. Revision of Smithsonian data by Francis S. Johnson 
Francis S. Johnson and h i s  coworkers a t  the Naval Research Laboratory undertook 
a major revision of the solar constant and of the solar spectral  radiant f l u .  This 
work was stimulated by the  new measurements i n  the range 0.22 t o  0 . 3 4 ~  made by 
rocket-borne spectrographs 
3l-J 32 
and by the Mount Lemmon data of Dunkelman and 
Scolnik , 
Journal of Mcteoroloa . 
i n  Nuovo Cimento 
been made fo r  over half a centuryby the Smithsonian Inst i tut ion.  
Johnson's discussion of this revision was reported i n  1954 i n  the 
1 
In 1957 an abridged report  was published by R. Tousey 
. Johnson's revision s t a t e d  from the measurements which had c 14 
I 
A number of 
corrections are involved i n  deriving the solar  constant from the Smithsonian data, 
and Johnson attempted t o  reevaluate these corrections with the aid of the more 
recent MIL data. 
The s t a r t i ng  point for Johnson's revision was the  Smithsonian value 1,934 
c a l  Subtracting from this 
the  Smithsonian zero air mass correction of 0,061 i n  the W below 0 . 3 4 6 p  and 
0.038 in the  IR above 2.4 
radiant  f l u x  fo r  zero air mss i n  the  range 0.346 t o  2 . 4 p  
added three correction factors, 0.006 an increase due t o  the revised W spectro- 
min'l, which is on the so-called "true" scale. 
Johnson obtained 1.835 ca l  xrdn'l a s  the 
To this  value Johnson 
r ,  . 
. .  
. .  
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bolometer correction based on M t .  Lemon data, 0.085 the revised W zero air  
mass correction based on MIL rocket data and M t .  Leuiion data, and 0.076 tne revised 
W zero air  mass correction based oa the assumption that i n  the IR from 2.& t o  a t  
least 14 p 
6000~ K blackbody. 
apparently j u s t i f i ed  by the work by A. Adel and R .  Peyturaux . These 
, the  solar spec t ra l  radiant f lux f o r  zero air  mass is that of a 
This assumption had been made e a r l i e r  by P. Koon, and w a s  
33,34 35 
three corrections when added t o  1.835 yield the  final value of the solar constant 
14 
2.002 ca l  min-'. Tousey observes: "We prefer t o  c a l l  it 2.00 since w e  f ee l  
that the probable e r ror  may be of the order of + 2 percent." Thus wc have the 
value most frequently c i ted i n  l i t e ra ture ,  2.00 ca l  cm - niin -, ana reiereci LW 
- 
-3 -1 
as the MIL value or  the Johnson value. 
Johnson's revision of the Smithsonian data also yielded a new tab le  f o r  
the  solar  spectral  radiant flux. The s ta r t ing  point i s  a curve of the spec t ra l  
radiant f lux  on a re l a t ive  scale, the same as f o r  the  solar  constant. This 
curve is based on three sources which Johnson considered the most re l iable ,  the 
NRL rocket data f o r  wavelengths shorter than 0.318)~ , the Mount Lamon data f o r  
t he  range 0.318 t o  0.60,k and Parry Moon's resu l t s  fo r  the wavelength range 
beyond 0.60 /A. 
t o  an absolute scale is  based on the reevaluation of the spectrobologram corrections 
1 
and the  zero air mass corrections. Johnson has discussed in d e t a i l  the s teps  involved 
. The normalization procedure f o r  converting the re la t ive  scale  
i n  the  procedure. 
Johnson's data on solar spectral  radiant flux is given in table  I. It is  
reproduced from a more recent publication edited by Johnson, Bate l i i t e  Environment 
Handbook 
36 
The sane data r e  also presented i n  figure 7,which shows soze of +&.e 
f i n e r  details which a re  usually omitted in reproductions of the Johnson curve. 
Figure 7 is a reduced photograph of a drawing W e  on large scale graph paper 
of a l l  t he  data points of tab le  7. 
-29- 
IV. CONCLUSION 
In view of the discussions in the previous sections, it would seem 
highly desirable that a new attempt be made to obtain more accurate and 
complete experimental data on the solar constant and the spectral distribution 
of the solar radiant flux. Johnson's work was mainly one of revision, and the 
experinental data for the revision had been obtained many years earlier by the 
Smithsonian Institution. The observations of Dunkelrran and Scolnik were made 
on one single day, and were limited to the visible portion of the spectrum. 
The data of Stair and Johnston were averagedover eight days, but the authors 
thanselves emphasize the large uncertainties inherent in the method. 
The task of accumulating new experimental data with a degree of accuracy 
considerably superior to that of currently available data, will necessarily be 
a huge one. 
importance of the solar constant i n  n;any areas of physics and engineering. 
thermal balance of the earth depends on the energy from the sun. 
characteristics of the atmosphere remain uncertain because the energy received 
above t h e  atmosphere is uncertain. 
parameter in most problems of astrophysics and solar physics. It is indeed a 
disturbing situation that so important a physical constant has an uncertainty 
of a few parts in a hundred, when standard tables of the physical constant, 
such as the velocity of light, electron charge, Planck's constant, etc., quote 
thb values with an accuracy of one part in a million or a b i l l i on .  
The Justification for attempting such a task lies xcainly in the 
The 
The attefliuation 
The solar radiant f l u  is an important 
The uncertainty in the solar constant and the solar spectral radiant flux 
serious consequences for solar simulation and the thermal balance of has 
spacecraft. 
in building and testing satellites, since one of the more accurate rcethods 
of improving upon current data is to make measurements from above the atmosphere 
This aspect of the question has a special interest for those engaged 
-30- 
. e  . . .  
. .  
by satell i te-borne instruments. 
ensuring t h e i r  operational s t a b i l i t y  can best  be obtained by the s a t e l l i t e s  
The information w h i c h  the s a t e l l i t e s  need f o r  
themselves. We have discussed ea r l i e r  t o  w h a t  extent e r rors  i n  the so la r ,  
constant and the  solar spectral  radiant f l u  would a f fec t  the  equilibrium 
temperature of spacecraft. 
building and maintaining so la r  simulators f o r  pre-launch tes t ing  of satell i tes 
and space probes. The operational assumption i n  such t e s t ing  is that i f  the  
s a t e l l i t e  fails  t o  maintain the required thermal balance under the simulated 
conditions it w i l l  a l so  f a i l  t o  do so under actual  conditions. 
radiant  sources, as fo r  example, the carburl uL Vi- AL- Y U C .""*--.I ------r-ymmn __  arc. 
illuminate the t e s t  f loor  with energy which matches, as far as practicable, the  
energy of the sun both i n  spectral  dis t r ibut ion and i n  t o t a l  energy. It i s  
obviously impossible t o  simulate accurately something unknown or uncertain. 
ever, it should be pointed out that a t  the present time the degree of e r ror  i n  
our knowledge of the solar  energy is not the only obstacle or  the major obstacle 
f o r  adequate solar  simulation. 
a t ta inable  with high energy s o l a r  simulator sources is larger  than the assumed 
margin of error  i n  the published values of the solar constant. and the spec t ra l  
d i s t r ibu t ion  of solar radiant flux. 
improve the  energy output and the  spectral  character is t ics  of solar simulators, 
a parallel e f fo r t  should be made to  ascer ta in  more accurately w h a t  one is  t rying 
t o  simulate. The large uncertainties i n  the u l t rav io le t  region, referred t o  
by P. R. Cast, may also have unpredictable e f f ec t s  on the rapid deter iorat ion of 
ce r t a in  surface materials. 
A vast amount of e f fo r t  is  now being made i n  
H i g h  energy 
How- 
!the margin of tolerance permitted or r e a l i s t i c a l l y  
However, as e f fo r t s  are being made t o  
- 
14 
R. Tousey concluded his discussion of the  MIL revision of the  solar constant 
with this  rexriark: "I f e e l  that new work on the so la r  constant is  i n  order, but 
it w i l l  not be easy t o  improve on the accuracy at ta ined by the Smithsonian. 
t o  make measurements d i rec t ly  f rom rockets have been made, but not yet with 
Attempts 
I 
.. . -31- 
completely satisfactory results. 
however. Measurements from the ground could now be made with increased accuracy 
due to the present day availability of many new radiation neasuring techn8ques. 
To do this will require a long series of painstaking measurements, preferably, 
from two independent stations located at widely separated points on the earth." 
The values obtained were of the order of 2.0 
I 
Tousey's observations were made in 1957 at the threshold of the satellite 
age. 
technology. 
experiments. 
The intervening years have witnessed a rapid progress in satellite 
Satellites of the near future give promise of larger and bolder 
!I!he severe limitations which existed in earlier yeal-s G i i  tk z2ze rrz6 
mass of the experimental package and on the available supply of power are now 
being removed. 
solar spectral radiant flux is that the spectrograph is outside the earth's atmosphere 
and that the difficult and highly doubtful corrections for atniospheric absorption 
are unnecessary. 
and many repeated values can be taken so as to average out all random experimental 
The obvious advantage of a satellite experiment to measure the 
Measurements can be made over a prolonged period of time, 
errors . 
However, every precaution should be taken to forestall systematic errors 
The measurements of the Smithsonian, which might wholly vitiate the results. 
N.B.S.. and N.R.L. were made by experienced observers who always had ready access 
to the apparatus and could make readjustments whenever necessary. A coro?letely 
automated experimental package presents problems of a different order of magnitude. 
But the solutions to these problems are within reach for present day satellite 
t e chncjlogy . 
A quartz double prism monochrorcator might well be the main unit in the 
experimental package. 
completely all ranges of wavelength. Some form of 'on-board' calibration, as 
More tban one energy sensing device will be needed to cover 
-32- 
f o r  example, with a secondary standard of spectral  radiance, w i l l  be necessary. 
Adequate shielding should be provided f o r  s t r ay  radiation from the  ear th  or  from 
the  body of the s a t e l l i t e  itself; or these w i l l  have t o  be corrected for .  
s a t e l l i t e  should have the a t t i tude  control for  pointing constantly t o  the 
The 
sun, and the opt ica l  system should be such as to  view the w h o l e  so lar  disc. 
A t o t a l  energy sensor might well be needed as  an auxiliary piece o f .  
37 
apparatus. R. Hone1 
type, and the or ig ina l  design i s  now b e i w  improved upon. Readings of the t o t a l  
energy sensor would provide an additionalc,ea.ns of calibration, i n  the s w e  
manner as iile SULG~SG~GLZ ~ = - k e l i ~ ~ + . p r  was used t o  convert the re la t ive  scale  of 
the spectrobolometer t o  an absolute scale. 
and h i s  coworkers have suggested a compact un i t  of t h i s  
Due a t t e s t ion  w i l l  have t o  be paid also t o  small percentage of energy i n  the 
u l t rav io le t  and the infrared wavelength ranges where the quartz prism is  an 
effect ive absorber. 
devices of the Tiros s a t e l l i t e s  provide lnany helpful suggestions fo r  mapping 
accurately these re la t ive ly  inaccessible regions of the spectrum. 
The N.R.L. rocket-borne spectrographs and the albedo measuring 
The prism spectrograph w i t h  the auxi l iary units f o r  cal ibrat ion provides one 
method'of approach and perhaps the best .  
employ a ser ies  of narrow-band-pass f i l t e r s .  
a r e  commercially available. The relat ive ruggedness and simplicity of an 
experimental package with a ser ies  of f i l t e r s  and a thermopile Eight  more than 
compensate for  the lack of detailed spectral resolution. 
s t i l l  needs t o  be done on the s t a b i l i t y  of the transmission character is t ics  of the 
f i l t e r s  and on t h e  method for  obtaining a curve f o r  the spectral  radiant f lux  from 
the  energy transmitted by the f i l t e r s .  
A s l i & t l y  different  c,ethod i s  t o  
€&my different  ty-pes of f i l t e r s  
But considerable research 
14 
R i c h a r d  Tousey jus t ly  pointed out the des i rab i l i ty  of more ground-based 
measurements, since new radiation measuring techniques are  now available. He 
also said that measurements should preferably be Eade from widely separated 
points  on the earth. More ground-based measurements a re  undoubtedly of great value. 
. .  
I .' -33- 
. .  . 
One objection to ground-based measurements is that they would tell us more about 
the characteristics of the atmosphere than about the solar radiant flux. 
Abundant data about the upper atmosphere and about the earth albedo are no; 
available from satellite experiments. 
reliable extrapolation to zero air mass than was previously possible. 
of extrapolation can be considerably reduced if the measurements are made not 
from a mountain top but from a high flying aircraft such as the X-15, A-11 or 
U-2  or from a balloon. 
experiment . 
These data might well serve for a more 
The problem 
These provide an alternate approach to the satellite 
A -,)or problem in all absolute measurement of energy is the standard of 
spectral radiance and total radiant flux. 
are cited in literature, whether of Smithsonian, N.R.L. or N.B.S., refer ultimately 
to the spectral radiance standards of the N.B.S., or to the Sinithsonian pyrheliometer. 
There is no complete agreement between different countries and different national 
laboratories concerning the standard of energy. 
effort is made to reevaluate the solar constant and the solar spectral radiant 
flux, an essential part of that effort will be to define an internationally 
acceptable standard of energy. 
Data of any degree of accuracy which 
If a detemined and massive 
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